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ABSTRACT 

An apparatus to measure the mass specific Impulse, Isp, 

of partially Ionized helium flowing In a converging-diverg¬ 

ing nozzle, was designed and fabricated. The mass specific 

Impulse Increased as the stagnation enthalpy, h0, Increased. 

The effect on the mass specific impulse and the exit en¬ 

thalpy, h2* of varying nozzle length (and area ratio) was 

observed. The maximum mass specific Impulse measured In 

this Investigation was approximately four times the mass 

specific impulse of a high performance chemical rocket fuel. 
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INTRODUCTION 

If a fluid flows through In a closed channel, the force 

that the fluid exerts on the walls of the channel between 

any two planes normal to the flow may be expressed as: 

Fx * - F, (i) 

F is the vector thrust function, and for one-dimensional 

flow it is defined as:x 

(2) F - AP + mV 
<3 

Where A, P, and V are all evaluated at the plane on which F 

is to be determined. 

If the closed channel is a converging-diverging nozzle, 

then Fj may be used to evaluate the propulsive thrust pro¬ 

duced when a fluid is accelerated in the nozzle if "ln de¬ 

notes the nozzle inlet plane, and if "2" denotes the exit 

plane of the nozzle. If the inlet to the nozzle is made 

perpendicular to the main axis of the nozzle, then F^ con¬ 

tributes nothing to the thrust ln the axial direction. Then 

the internal thrust ln the axial direction may be expressed 

as: 

Fi = Az P» + m.V2 <3) 

In addition to the internal thrust, Fj, on the nozzle, 

there is an external force, F^, that results from the ambient 

pressure, PA, acting on the outer surface of the nozzle. 

PA - PA (AI'A,) 
<4) 

(*) Superior numbers refer to the correspondingly numbered 
works as listed in the bibliography. 
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Therefore, the total thrust is* 

Fj = Fi -FA = rrvVt +- Az (P*- P*') 

If the product of AgPg and A2PA Is assumed to be small com¬ 

pared to the AV2/S term, then the total thrust becomes: 

FT * mVz (6) 
9 

To eliminate the aspect of size when comparing the per¬ 

formance of various propulsion systems, a term, mass specific 

Impulse is defined as:2 

£1 = Vz 
m 3 (7) 

Igp may be related to the stagnation energy of the gas 

by rewriting the energy equation as: 

V2 = t/zc^J (Wo- (8) 

or  

-^-“5P " ^ (9) 

Since IQp is proportional to the square root of the en¬ 

thalpy drop in the nozzle, an increase in h0 without a 

change in nozzle exit conditions will give an Increase in 

Igp, If, however, hQ is increased above 20,000 BTU/lbm for 

helium at or near atmospheric pressure, the gas is apprecia¬ 

bly ionized.^ This investigation was concerned with the 

measurement of the mass specific impulse of partially ion¬ 

ized helium flowing in a converging-diverging nozzle. 

Values of I8p for a given nozzle of large area ratio 

may be predicted by assuming that hg is zero, l.e., assuming 

that all the stagnation enthalpy is converted into exhaust 

kinetic energy. Therefore, the maximum mass specific im¬ 

pulse becomes: 

(10) 



Table 1 lists the values of the maximum Isp for values of hQ 

from 825 BTU/ll^ to 100,000 BTU/lbm for helium. If Isp Is 

determined experimentally, the difference between the maxi¬ 

mum ISp and the experimental value of Isp is h2. 

The purpose of this investigation is to determine ex¬ 

perimentally, the values of Isp for helium as hQ varies from 

25,000 to 100,000 BTU/lbm, to determine the effect on Isp of 

changing the length of the nozzle, and to compare the meas¬ 

ured values of Isp for partially ionized helium with the 

values of Isp of certain chemical rockets. 

This investigation was concerned with a single fixed 

geometry nozzle with an adjustable length. 



TABLE 1 
MAXIMUM Isp FOR VARIOUS VALUES OF h0 

T Ao Maximum Isp 

BTU/lbm °R lb j^/lbjjy/s ec 

825 660 200 

3300 2640 400 

7450 5960 600 

13200 10600 800 

20700 16600 1000 

29800 23800 1200 

40500 32400 1400 

53000 42400 1600 

82500 66000 2000 

100000 82500 2200 
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EXPERIMENTAL APPARATUS 

One method of obtaining the high stagnation enthalpy 

necessary for the partial ionization of helium is to pass 

the gas through an electric arc* An arc chamber was de¬ 

signed by the author* This chamber consisted of a hollow 

cylindrical aluminum body to permit the insertion of the 

electrode holders. Figure 1 shows the details of the arc 

chamber* The lead from the negative side of the input power 

was fastened to the aluminum body* A cup made of teflon was 

fitted into the body to insulate it electrically from the 

anode holder* The thorlated tungsten anode was fitted into 

a hole through the center of the anode holder* An adjusting 

screw allowed the vertical adjustment of the anode* A nick¬ 

el plated copper cathode holder screwed into the top of the 

body. The cathode was a thorlated tungsten orifice which 

was press fitted into the cathode holder* This orifice will 

be called the flow orifice* The cathode was separated from 

the anode with 1/8 of an inch clearance* The helium was in¬ 

jected tangentially into the annular space between the cath¬ 

ode holder and the anode holder* Tangential injection 

caused a vortex flow within the arc chamber. This vortex 

motion stabilized the arc and thereby prevented severe dam¬ 

age to the anode. The gas was Injected through a gas meter¬ 

ing orifice in the end of the inlet gas line* The lead from 

the positive side of input power was fastened to the anode 

holder by a brass nut. 

Input power was supplied to the arc chamber by a 25 kil¬ 

owatt direct-current arc welder* In order to strike the arc 
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remotely, a Miller High Frequency Starter is employed to 

produce a high frequency field at the electrodes,^ 

After the gas was partially ionized it passed through 

the converging-diverging nozzle which was fastened to the 

body of the arc chamber with six screws. See Figure 2. The 

nozzle contour was a straight cone with an included angle of 

15 degrees; the throat diameter was ,125 of an inch; the 

outside diameter was three inches; and the material wa3 

teflon. The nozzle was made in three cylindrical sections. 

Removing a section lowered the area ratio and raised the val¬ 

ue of the exhaust enthalpy since expansion of the gas was 

decreased. Table 2 gives values of nozzle lengths, area ra¬ 

tios and computed (theoretical) exit pressures for the three 

nozzle sections. The base section of the nozzle was fitted 

with a graphite insert to reduce the effects of high temper¬ 

ature erosion. 

The arc chamber with the nozzle in place was fastened 

to the load lever. This lever was made from phenolic to in¬ 

sulate the body from the positive lead of the input power. 

One end of the lever was supported by a knife edge, the 

other end was supported by a Statham load cell. The knife 

edge, the load cell, and the lever were fitted into a short, 

10-inch diameter steel cylinder closed at one end. Figure 2 

shows the thrust balance and all its components. 

Figure 3 shows the details of the wind tunnel and the 

thrust balance. On top of the short cylinder wa3 fitted a 

phenolic spacer. Input power was brought to the arc chamber 

by leads that passed through this spacer, A 10-inch diam- 
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TABLE 2 
NOZZLE CONSTANTS 

Length 
Inches 

Area Ratio P2* 

psla 

A2P2* 

lbf 

2.0 20(1 0.014 

O
 

o
 • 

4.0 82:1 0.001 .001 

6.0 185:1 Less Than 
0.0001 

Less Than 
0.001 

P2 was calculated from one dimensional lsentroplc flow 

functions disregarding Ionization effects. Nozzle stag¬ 

nation pressure, was 12 psia. 
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eter hollow steel cylinder, open at both ends, was fitted 

on the phenolic spacer. A flat plate was fitted on top of 

this cylinder. The flat plate had a 4-inch diameter hole in 

its center, so that the nozzle could extend through. A 6- 

lnch diameter viewing glass cylinder was mounted on top of 

the flat plate. A pneumatic lift was bolted to the short 

steel cylinder mentioned before. The purpose of this lift 

was to raise the above described assembly so the viewing 

glass would seal against the fixed Instrument housing. 

The gas leaving the nozzle flowed to a vacuum tank that 

had a volume of 1000 cubic feet. The pressure in the tank 

was maintained below 1 MM of Hg, absolute. The nozzle sec¬ 

tion of the wind tunnel was separated from this vacuum tank 

by an air-operated, quick opening valve. A safety switch 

prevented the valve from opening unless the pressure up¬ 

stream of the valve was below 200 MM of Hg, absolute. There¬ 

fore, it was necessary to evacuate the section upstream of 

the air-operated valve. To maintain the vacuum, "0" ring 

seals were used between all metal surfaces. Flat rubber 

gaskets were used with the viewing glass. 

The following parameters were measured and recorded: 

thrust, helium pressure downstream of the metering orifice 

(designated by Pf), helium supply pressure (designated by PQ), 

input voltage, and input current. Since the helium supply 

pressure was steady during a test, it was measured with a 

Bourdon tube gage. Thrust was measured with the aforemen¬ 

tioned Statham load cell. The signal from the load cell was 

amplified by a Model 350-1800A Sanborn D.C. Preamplifier, 
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The amplifier drove a galvanometer In an S.I.E. SQO-2 oscil¬ 

lograph. The helium pressure downstream of the metering 

orifice was measured by a Statham pressure transducer. This 

signal was amplified by a special amplifier built at the 

Rice Institute. This amplifier drove another galvanometer 

in the oscillograph. The Input voltage was determined by 

measuring the voltage drop across the arc chainber. This 

signal drove a galvanometer without amplification. Input 

current was determined by measuring the voltage drop across 

a known resistance. This signal also drove a galvanometer 

without amplification. 

The duration of the test during which thrust was meas¬ 

ured was about i of a second. In order to maintain flow, 

establish the arc, turn on the oscillograph, open and close 

valves at the right time, and shut off the tests after a 

preset time, the following controls were employed. 

A large, momentary contact, button Initiated a test by 

starting the arc welder. After a timed delay, a relay was 

closed which opened the quick opening air-operated valve, 

turned on the oscillograph, and turned on a low pressure 

helium flow of approximately 5 psia. This low pressure was 

necessary since an Initial pressure of 10 psia or more In 

the arc chamber would keep the arc from striking. The actu¬ 

ation of a mercury switch attached to the air valve turned 

on the high frequency starter. When the arc struck the line 

current flowed. This flow of current caused a relay to 

close which turned on a high pressure gas flow, turned off 

the high frequency starter, and activated the test timer. 
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After a preset time the timer opened all relays and turned 

off the arc welder. 

The control circuit wa3 so designed that if either gas 

flow failed or if the arc did not strike the test would auto¬ 

matically stop. A time delay relay was in parallel with the 

test timer. If the test timer failed, then the delay relay 

would stop the test after two seconds. A manual override 

stop button could be U3ed if a malfunction occurred during a 

test. 

Large lights on the control panel indicated that timers 

were reset, the gas was on, the high frequency starter was 

on, the vacuum was established in the test section, and the 

12 volt supply to power the oscillograph was on. Small red 

lights in parallel with various relays indicated the progress 

of the test. 
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EXPERIMENTAL PROCEDURE 

Two groups of tests were performed in this Investiga¬ 

tion. The first group Involved the testing of individual 

components such asj the arc chamber, the arc chamber with 

the nozzle bolted in place, and the instrumentation. 

The test on the arc chamber indicated that a two-second 

operation did not seriously overheat the electrodes, and 

only several minutes of subsequent cooling were required 

before another test could be Initiated. These tests were 

all performed with an input power of 25 kilowatts. Twenty 

tests were performed in this manner. 

Next the nozzle was bolted to the body of the arc cham¬ 

ber. Due to the now elevated pressure of the helium between 

the electrodes, and due to the presence of helium outside 

the chamber, severe arcing took place outside of the chamber. 

In fact, the arcing damaged the arc chamber and the helium 

inlet connection. This excessive arcing was eliminated by 

the complete insulation, with teflon, of the positive side 

of the input power. After the excessive arcing had been 

eliminated, five additional tests were performed on the 

nozzle and the arc chamber. These tests were also performed 

with an input power of 25 kilowatts. 

The following Instruments were calibrated* a Bourdon 

tube gage measuring the helium supply pressure, a Statham 

pressure transducer measuring the helium pressure downstream 

of the metering orifice, a Statham load cell measuring 

thrust, and oscillograph galvanometers measuring both the 
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input current and the voltage. The Bourdon tube gage was 

calibrated by the use of a dead-weight tester. The Statham 

pressure transducer was calibrated against the above men¬ 

tioned Bourdon tube gage* As previously stated in the sec¬ 

tion entitled Experimental Apparatus, the output of the 

transducer was fed through an amplifier to an oscillograph 

galvanometer. The calibration of the pressure wa3 expressed 

in psia per inch of galvanometer deflection. The Statham 

load cell was calibrated in conjunction with the thrust bal¬ 

ance. Calibration was accomplished by placing accurate 

weights of one pound each in the center of the nozzle. The 

calibration was expressed in pounds of thrust per inch of 

galvanometer deflection. The input voltage measuring system 

was calibrated by measuring the voltage output of a 45 volt 

battery. The calibration was expressed in volts per inch of 

galvanometer deflection. The current measuring system was 

calibrated by measuring the voltage drop across the known 

resistance through which the current was to flow. The cali¬ 

bration was expressed in amperes per inch of galvanometer 

deflection. 

The mass flow rate was calibrated for the metering ori¬ 

fice utilized. A theoretical value of mass flow rate may be 

calculated assuming one dimensional, lsentropic flow. If 

the flow is "choked", i.e., if Pf/PQ is less than the first 

critical pressure ratio, rp
#, then the mass flow rate may be 

expressed by the following equation:** 
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For helium with k«1.67 and a metering orifice diameter of 

0.031 inches, the above equation for mass flow rate in grams 

per second becomes: 

rh = 6Q.5 d* Po = Po 
VTo IS \T% 

(12) 

This theoretical value must be multiplied by a coefficient 

of discharge, Cp. A Cp of 0.77 was determined by measuring 

the mass flow rate through the metering orifice with a wet 

test gas meter. The stagnation pressure for the metering 

orifice was the helium supply pressure. The stagnation tem¬ 

perature was taken the same as room temperature. Since the 

flow was "choked", the mass flow rate was given by the fol¬ 

lowing equation: 

m = Po GR.AMS /sec 
19.4 («) 

Table 4 lists the values of for each test in this inves¬ 

tigation. Table 3 gives the values of the first critical 

pressure ratio for helium for the four different mass flow 

rates used. 

In the second group of tests the thrust of partially 

ionized helium expanding through a converging-diverging noz¬ 

zle was measured along with mass flow rate, helium supply 

pressure, room temperature, pressure after the metering ori¬ 

fice, and input power. Thirty-three tests were performed. 

The first fifteen tests were performed with the six-inch 

nozzle. For each value of the mass flow rate, three differ¬ 

ent values of input power were used. 
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TABLE 3 
MASS PLOW PARAMETERS 

Helium Supply 
Pressure 

<*o) 

psia 

Room 
Temperature 

<T0) 

°R 

Mass Flow Ratg 
(Theoretical) 

g/sec 

1st Critical 
Pressurg Ratio' 

rP. 

54.7 540 .27 .995 

64.7 540 .21 .995 

74.7 540 .19 .995 

94.7 540 • 16 .995 

* Mass flow rate was calculated by the use of equation 12. 

** rp# was the first critical pressure ratio for helium. 

It may be calculated from the following equation:^ 

joa /ciJoR A; - (rf*) 
41 

Where Af»* area of the flow orifice. 
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The next nine tests were performed with the four inch 

nozzle. For each value of mass flow rate, three different 

values of input power were used. 

The last nine tests were performed with the two inch 

nozzle. For each value of mass flow rate, three different 

values of input power were used. 

Values of input power, helium supply pressure, mass 

flow rate, pressure after the metering orifice, Pf, and 

thrust were found in Table 4. 

Each test was Identical in procedure, The nozzle 

length was set, various pieces of apparatus were placed in 

position, and the lower part of the test section was raised 

by the pneumatic lift to meet the Instrument rack. The vac- 

uum pump evacuated the test section, and the helium supply 

pressure was turned on. A final Instrument check was made 

to determine if all Instruments were operating, and a test 

was initiated. 
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Test 
No, 

Helium 
Supply 

Pressure 

<po> 

Thrust Mass 
Plow 
Rate 

*8 Ktf h0 Pf 

paig lbf g/sec BTU/lbn psia 

1 
2 

2 
I 

9 
10 
11 
12 

If 
T? 

60 .44 ♦ 17 1170 32.5 
60 *45 ♦ 17 1210 34.0 
60 *37 .17 1000 25.0 
60 .47 *17 1230 33.0 
80 *51 .21 1160 31.0 
40 .31 .12 1180 26.2 
40 .25 ,12 945 15.5 
40 .14 .12 546 6.5 
60 .24 .17 660 13.5 
60 *33 .17 880 21.8 
60 .31 .17 830 16.8 
80 *37 .21 810 22.0 
50 *26 .14 860 16.5 
50 .33 .14 1070 21,0 

.34 .14 1170 26.0 
40 .25 920 8.9 

82300 
86000 
63200 
83500 
63500 
93800 
55500 
23000 
34200 
55200 
42500 
45000 
50500 
64400 
80000 

“31800" 

59700 
110000 

50600 
697OO 
98400 
46700 
57500 

12 
12 
12 
12 
20 

6 
6 
6 

12 
12 
12 
14 

9 
9 

19 
20 
21 
22 
23 

40 
40 
50 
50 
5° 
60 
60 

•jS 
;8 
♦50 

*12 
.12 
*14 
.14 
*14 
♦ 17 
♦17 

1180 
1550 
1130 
1300 
1620 
940 

1150 

►.7 
30*4 
16*5 
22.7 
32*0 
18*5 
22*8 

6 
6 
9 

10 
10 
12 
12 

24 60 .49 >17 1300 31.8 80000 12 
2§ 46 .24 *1.2 g§0— 14*2 5O966 6 
26 40 *25 .12 930 18*1 64900 6 
2I 40 *34 *12 1300 30*4 110000 6 
28 50 *31 .14 995 19.2 57900 9 
29 50 *34 *14 1080 27.0 83000 9 
30 5° *28 *14 915 15.4 47300 9 
31 60 .28 .17 745 18*5 48600 12 
32 60 *32 *17 880 23*5 59500 12 
33 60 .42 *17 1120 32*2 81400 12 

♦ lbf/lbjj/sec 

NOTE: 

Tests 1 through 15 were performed with the 6-inch nozzle. 
Tests 16 through 24 were performed with the 4-inch nozzle. 
Tests 25 through 33 were performed with the 2-inch nozzle. 
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RESULTS AND DISCUSSION 

The experimental value of mass specific Impulse In¬ 

creased as stagnation enthalpy was increased. Values of ISp 

were not determined for stagnation enthalpies below 23,000 

BTU/lbm, because the generator current was not large enough 

to close the current relay which activated the test timer 

and the other controls* Values of I8p were not measured for 

enthalpies above 110,000 BTU/lbm for fear of severly dam¬ 

aging the apparatus* In the section entitled Introduction, 

the author assumed that the terms AgPg and AgPA were small 

as compared to &Vg/g. Values of AgPg for the three nozzle 

area ratios were tabulated in Table 3* These values justi¬ 

fied the above assumption for A2P2. The value of PA was 

maintained less than 0.5 MM of mercury, consequently the 

assumption that A2PA was small was also justified. 

Theoretically, equation (9) predicts that the plot of 

Isp vs. hQ should be a parabola. Figures 4,5# and 6 show 

that the experimental plot of Isp vs. hQ was a parabola. 

The curve of maximum Isp vs. hQ was plotted on these same 

graphs. In each case, the horizontal distance between these 

two curves was the value of hg. Experimentally, the losses 

in the system were equal to hg, In Table 4 are found the 

experimental results of this investigation. A condensation 

of the values of hg, hQ, and Vg can be found in Table 5. 

In the next part of the discussion of the results, the 

term exit velocity, v2. will be used instead of I8p. How¬ 

ever, V2 was directly proportional to ISp. 
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Theoretically, hg, for a given value of hQ, would be 

the smallest when the exit velocity, Vg, was the greatest, 

Vg would be a maximum when the area ratio was the largest 

for the adjustable nozzle used in this experiment, There¬ 

fore, one would suppose, In this investigation, that the 

value of hg would be a maximum for the shortest nozzle and a 

minimum for the longest nozzle since the area ratio was 

approximately proportional to the square of the nozzle 

length. However, as seen in Table 5, this was not so ex¬ 

perimentally, For a given h0, the value of hg was a minimum 

for the four-inch nozzle, a maximum for the two-inch nozzle, 

and some intermediate value for the six-inch nozzle. 

These results may be explained in the following manner. 

For all values of nozzle length, Vg was reduced by the fric¬ 

tion between the fluid and the wall of the nozzle. The en¬ 

ergy loss due to friction increases with the length of the 

nozzle. In explaining the results of Table 5, one must 
consider the effect on the exit velocity, Vg. of both the 

area ratio and the friction. In the case of the six-inch 

nozzle, the friction effect on Vg was greater than the effect 

of increasing the area ratio. The reverse was true of the 

two-inch nozzle, i,e«, the decrease in friction had less ef¬ 

fect on Vg than the decrease in area ratio, thereby making 

hg a maximum for the two-inch nozzle. In this investigation, 

hg, for a given hQ was a minimum for the four-inch nozzle. 

Therefore, the optimum nozzle length for this investigation 

was four Inches. Figure 7 illustrates this result by show¬ 
ing a plot of Igp vs. nozzle length for three separate 
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SIX-INCH NOZZLE 
AREA RATIO s 185l1 

ho 
V2 v2

2 
“a 

(input) 2gT and losses 

BTU/lbm ft/sec BTU/lbjjj BTU/lbn 

20,000 14,800 4,400 15,600 

40,000 23,500 11,100 28,900 

60,000 30,900 19,100 40,900 

80,000 38,000 28,900 51,100 

100,000 45,000 40,500 59,500 

POUR-INCH NOZZLE 
AREA RATIO » 82:1 

20,000 21,300 9,100 10,900 

40,000 31,600 20,000 20,000 

60,000 38,000 28,900 31,100 

80,000 43,700 38,200 41,800 

100,000 49,600 49,300 50,700 

TWO-INCH NOZZLE 
AREA RATIO s 20)1 

20,000 14,500 4,200 15,800 

40,000 24,100 11,600 28,400 

60,000 29,800 17,800 42,200 

80,000 34,600 24,000 56,000 

100,000 38,600 29,800 70,200 
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values of hQ. 

Experimentally, one considers any losses due to over- 

expansion to be included in hg. Overexpansion losses reduce 

the thrust by the following equation:7 

dPr-te-R^JAz. (14) 

As previously stated in this section the product of (P2"PA^A2 

was neglected in regard to the AVg/g term. Therefore, over¬ 

expansion losses contribute nothing to the magnitude of 

The maximum value of IEp measured in this experiment 

was 1620 lbfl/lbj^/sec. For comparison with other propulsion 

systems see Table 6. As seen in this table, the ISp meas¬ 

ured in this investigation was four times that of the best 
O 

chemical rocket. In fact, the minimum value of I8p meas¬ 

ured for this arc propulsion system was greater than the Isp 

for the best chemical rocket. 



TABLE 6 

Igp FOR PARTIALLY IONIZED HELIUM COMPARED TO 

X FOR SEVERAL LIQUID AND SOLID FUEL ROCKETS
8 

Fuel I •J,sp 

Ibjr./lbjjj/sec 

Nitromethane 218 

Liquid Oxygen + Gasoline 243 

liquid Oxygen <f liquid Hydrogen 346 

Ballistic Extruded JPN 220 

RFNA ♦ 15# N02 ♦ Aniline 222 

Partially Ionized Helium 
(h0 = 97,000 BTU/lbm) 

1600 



-29' 

SUMMARY 

Within the limitations of this investigation, the 

following conclusions may he drawn: 

1) The experimental apparatus, as designed, was capable of 

producing and measuring an I8p in the range from 500 to 

1600 lbf/lbffl/sec for partially ionized helium. 

2) In the case of the six inch nozzle, friction losses are 

of such magnitude that they decrease the exit velocity 

and I8p more than the corresponding Increase in area 

ratio, accomplished by the Increased length, can Increase 

the exit velocity and I8p. 

3} The four inch nozzle, whose area ratio was 82:1, was 

found to be the optimum nozzle of the three nozzles 

tested. 

4) The maximum experimental I8p measured in this experiment 

was approximately four times the I8p of a high perform¬ 

ance liquid fuel rocket. 
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LIST OP SYMBOLS AND UNITS 

A - area of metering orifice (in2) 

Af - area of flow orifice (in2) 

A2 - area of nozzle exit (in2) 

d - diameter of metering orifice (in) 

- external force on the nozzle (lbf) 

Fj - internal thrust (lbf) 

- thrust function evaluated at nozzle inlet (lbf) 

F2 - thrust function evaluated at nozzle exit (lbf) 

- total thrU8t 

g - gravitational constant (32*2 ft lbg/lb^-sec2) 

hQ - stagnation enthalpy (BTU/lbm) 

hg - enthalpy at nozzle exit (BTU/lb^) 

I0p - mass specific impulse (lb^/lb^/sec) 

J - Joule's constant (778 ft-lb^/BTU) 

k - ratio of specific heats 

& - mass flow rate (lb^/sec) 

PA - ambient pressure (lb^/in2) 

P2 - nozzle exit plane pressure (lb^/ln2) 

P^ - flow orifice pressure* (lb^/in2) 

PQ - stagnation pressure** (lb^/in2) 

R - universal gas constant (1*98 BTU/mole°R) 

rp
# - first critical pressure ratio 

TQ - stagnation temperature (°R) 

V2 - exit velocity (ft/sec) 

* Also called pressure after the metering orifice 

** Also called helium supply pressure 


